Abstract. BACKGROUND: During high-altitude flight, the protection of the pilot is vital. A partial pressure suit may affect human physiology, especially circulatory physiology. OBJECTIVE: The purpose of this study was to investigate how a partial pressure suit works. METHOD: Ten subjects took part in the flight simulation experiments. Counter pressure at the chest, abdomen, thigh and shank were detected, together with physiological parameters such as heart rate (HR), mean arterial pressure (MAP), stroke volume (SV), cardiac output (CO) and total peripheral resistance (TPR). A numerical model was also established to simulate hemo-physiological effects of the partial pressure suit. RESULTS: The experiment's results show the non-uniform counter pressure distribution in different parts of the body. There is a linear, proportional relation between TPR and the pressurizing level. HR and MAP increase along with that of the pressure level. SV and CO decrease with the increase of the pressure level. The numerical model simulated the physiological effect of a partial pressure suit. The results were verified by experiment data. The simulation estimated the change of blood flow with the pressure level.
Introduction
With the development of high-performance military aircraft, protection for pilots has become more and more important [1, 2] . A partial pressure suit is a type of protection equipment that can provide additional pressure to protect pilots at high altitude and in high-agility flight [3, 4] . Because of the significance of a partial pressure suit, some studies have been conducted to evaluate and improve the partial S36 T. Yang et al. / Mechanical and physiological effect of partial pressure suit: Experiment and numerical study pressure suit [5, 6] . Though the physiological effects have been reported in some studies [7, 8] , a quantitative description is lacking. The relation between additional pressure with the hemodynamic parameters should be established to better understand the mechanism of pressured protection.
When a partial pressure suit is pressurized, a serious biomechanical effect impacts the body, especially the cardiovascular system [9] . Since positive pressure ventilation of oxygen is required under low air pressure, the additional pressure provided by a partial pressure suit acts as the counter pressure to help pilot to breathe. When exposed to 12 kilometer high altitude and + Gz acceleration, the partial pressure suit will be pressurized. The increasing additional pressure on the abdomen and lower limbs block the blood flow to the lower limbs to avoid hypoxia in the most important tissues [10] . At the same time, the peripheral blood pressure increases, the effective blood circulating in the body is reduced, and cardiac output is decreased [11] . Serious biomechanical effects appear with the body surface pressure caused by the partial pressure suit, while the pressure on the body is not uniform. The partial pressure suit provides a pressure gradient in different parts of the body. For example, the pressure on lower limbs is greater than that on the chest. The non-uniform body surface pressure is strongly related to the effect of the protection from the partial pressure suit, but there are few studies detecting body surface pressure caused by a partial pressure suit and its effect on the cardiovascular system. In this study, the counter pressure on the body surface as well as cardiovascular properties was detected in volunteer experiments.
Although ground-based experiments could be conducted to simulate the cardiovascular response in high altitude and in space [12] [13] [14] , the quantitative description by a numerical model is preferred to predict the physiological response under special conditions. The numerical modeling method is often employed in cardiovascular system studies [15, 16] . A whole body mathematical model has been established to interpret the experimentally-derived intracranial pressure-volume relationship [17] . The lumped parameter model was used by Heldt et al. to describe the cardiovascular response to orthostatic stress [18] . Melek et al. [19] established a second order discrete time model to predict blood pressure dynamics during pitch and roll rotation, and a fuzzy logic model to predict the cardiovascular dynamic changes of head-up/head-down and transitional motions. A lumped circuit model of the pressure sensory baroreflex by Van Heusden et al. [20] studied the viscoelastic stress-relaxation of the systemic veins. Dyachenko et al. [21] developed a model of gravity-dependent effects in the cardiovascular system using numerical integration procedures of a few lumped parameters. Lim et al. developed and optimized the cardiovascular mathematical model to investigate the cardiovascular response of a graded head-up tilt [22] . In spite of these studies on the cardiovascular system, there are few studies on the biomechanical effect of a partial pressure suit. In this study, the lumped whole body model will be developed to explain the protective effect of a partial pressure suit, according to the experimental data.
Methods

Subjects
The experimental data were collected from 10 males (24.6 ± 4.9 years old) with a height of 171.6 ± 2.9 cm and a weight of 66.0 ± 4.0 kg. All subjects are healthy and have no history of cardiovascular or respiratory disease. Written informed consent was obtained from all participants. The study was approved by the Ethics Committee of Biological Science and Medical Engineering School in Beihang University. Fig. 1 . Sketch of the measure of counter pressures on body surface: (a) the four different counter pressure measuring points; (b) the schematic diagram of body surface pressure acquisition system (part 1 is the partial pressure suit, part 2 is the pressure control system, part 3 is the pressure bladder, part 4 is the gas flow meter, part 5 is the piezometer, and part 6 is the body part under the pressure bladder).
Equipment
A pressure control system was used together with a partial pressure suit. It has two functions: on the one hand, it provides oxygen through a mask to simulate the positive pressure breathing of the pilot at a high altitude; on the other hand, it can pressurize a partial pressure suit rapidly to the setting value.
The counter pressure on the body surface was measured by a body surface pressure acquisition system. The system was comprised of pressure bladders, which could balance body surface pressure, pressure sensors and an acquisition module, as shown in Fig. 1(b) . In this system, skin flap units were placed under the partial pressure suit. The gas meter controlled the gas flow into the pressure bladders until the default pressure was reached. At the same time, the pressure in bladders was detected by the pressure sensors (CGYL-202) and acquisition module.
The physiological parameters were recorded by Portapres R Model 2. Heart rate (HR), mean arterial pressure (MAP), stroke volume (SV), cardiac output (CO) and total peripheral resistance (TPR) were calculated by BeatScope R software.
Procedure
Each subject wore a capstan partial pressure suit with a pressure control system, providing positive pressure oxygen through a mask. Prior to the experiment, all the subjects were trained to master the skills needed for pressurized breathing. In each individual experiment, the partial pressure suit was pressurized at 6 different levels: 0, 1.96, 3.92, 5.88, 7.84 and 10.49 kPa. At each level, the pressing process lasted 3 min for each test. There was quite a long time between pressing tests for each subject. When the partial pressure suit was pressurized, the counter pressure on four different parts of the body surface (chest, abdomen, thighs and legs, as shown in Fig. 1(a) ) were measured by a body pressure acquisition system. At the same time, some physiological parameters, such as heart rate, blood pressure, and cardiac output, were monitored, and the total peripheral resistance was estimated.
Statistical analysis was accomplished using a multivariate software package (SPSS 13.0) with a significance level of p < 0.05 throughout, and the results were displayed in the form of the mean value ± the standard deviation
Numerical model
A lumped parameter model was established to describe the hemodynamics of human body [18] , as shown in Fig. 2 . It included twelve parts: right ventricle, pulmonary veins, pulmonary arteries, left ventricle, aorta, abdominal veins, kidney, splanchnic, lower limbs, upper body, superior vena cava and inferior vena cava. The model was implemented using an electrical analog method. The voltage corresponded to blood pressure, and the current corresponded to the flow rate. R described the impedance of the some vessel segments, and C stood for the capacitance of the vessel.
The heart was divided into the right ventricle and left ventricle. The ventricles were described by the time-varying elasticity [18] :
where E dias represents the end-diastolic elastance; E sys represents the end-systolic elastance; T represents the cardiac cycle. The model parameters were determined by the ground tests on the pressurized partial pressure suit. The heart rate was estimated by the regression equation with pressure, which was obtained from the experimental data, as with the total peripheral resistance. The linear regression equation was established between pressure and total peripheral resistance. According to the nonuniform counter pressure on body, the vessel resistance of pulmonary veins, pulmonary arteries, splanchnic, lower limbs vessel are set variable. The variable resistance values are linear to the total resistance, which were detected in experiments. The linear scale is related with the counter pressure ratio of chest, abdomen and lower limbs. The other parameters except vessel resistances of pulmonary veins, pulmonary arteries, splanchnic, lower limbs are kept original value of unpressurized situation.
A four-order Runge-Kutta method was used to solve the model differential equations. The results of the simulation were compared with the data of experiments. Table 1 shows the counter pressure on the body surface when the capstan partial pressure suit was pressurized from 0 to 10.49 kPa. The counter pressure on the body surface increased along with the pressure level, but it was not uniform (as shown in Table 1 ). The relation between the body surface pressure and the partial pressure suit pressurized level is shown in Fig. 3 . The body surface pressures increased rapidly when partial pressure suits were pressurized, and then they increased gradually along with the pressure level. The counter pressure on the thighs was close to that on the shanks. The counter pressure on low limbs was greater than that on the abdomen. The counter pressure on the chest was the lowest compared with that on the abdomen and lower limbs. Besides the body surface pressure, some hemodynamic parameters, such as MAP, TPR, HR, SV and CO, were also measured during the pressurized experiments. From the data shown in Table 2 , MAP, TPR and HR increased significantly (p < 0.01) after pressurization, and SV and CO decreased significantly (p < 0.01). Both TPR and HR tended to increase gently with the increasing pressure of the partial pressure suit. MAP rose sharply when the partial pressure suit began to be pressurized, and then leveled off gradually along with the increase of pressure. SV and CO both made a sudden drop when pressurized, and then fell gradually along with the increase of pressure.
Results
The results experiments showed that there was a strong linear relationship between the pressure level of pressurized suits and the total peripheral resistance of subjects with partial pressure suits. The linear regression equation is: TPR = 0.296 * pressure + 1.075
The linear regression coefficient is R2 = 0.975. The total peripheral resistance under various pressures was calculated by the regression equation, and used in regulation of the vessel parameters when the partial pressure suit was pressurized. The HR, as an input of the model simulation, was also expressed 
The linear regression coefficient is R2 = 0.911. By changing the vessel resistance of pulmonary circulation, splanchnic circulation and lower limbs, the model could simulate the change in cardiovascular physiology. The model simulated the MAP and SV, along with the increase of the suit pressure level. The MAP increases with suit pressure levels. The increment of MAP along with suit pressure levels is shown in Fig. 4(a) , which is consistent with the experiment data. The SV decreases with suit pressure levels. The decrement of SV along with suit pressure levels is shown in Fig. 4(b) , which is consistent with the experiment data.
With the model, the maximum blood flow was estimated at different suit pressure levels, as shown in Fig. 4(c) . The decline in maximum blood flow was obvious. When the partial pressure suit was pressurized, the decrease of the maximum blood flow in the lower limbs' arteries is greater than that in the upper body arteries and that in the aorta. But with the increase of the suit pressure level, the decrement of the maximum blood flow in these three parts tends to be the same. The very-high suit pressure level (up to 19.6 kPa) was also estimated by the model.
Discussion
The protection provided by the partial pressure suit for pilots during a high altitude flight is of great importance. In this study, the effect of a partial pressure suit on the human body was investigated. The partial pressure suit could exert non-uniform pressure on the surface of the body. At the same time, some of the physiological parameters such as the heart rate, mean arterial pressure, stroke volume and cardiac output, changed. A model was established to describe the hemodynamics of the human body. By varying resistance parameters in the model, the hemodynamic effects of the partial pressure suit were estimated.
When the partial pressure suit was pressurized, non-uniform counter pressure was exerted on the surface of the body. There was a steep change in the counter pressure, when the partial pressure suit began to be pressurized, and then the counter pressure increased linearly with the pressure level. Through measurements taken, it was found that the counter pressure on the thigh and shank was similar, which was a little greater than the counter pressure on the abdomen and chest. Because of the pressure gradient, a partial pressure suit can effectively regulate blood distribution. The higher pressure on lower limbs prevented blood accumulation in the lower body, so that the blood supply to the brain would be sufficient some more important organ blood supply will be sufficient. The non-uniform counter pressure distribution is due to the design of the partial pressure suit. Moreover it affects the hemodynamic physiology to provide protection to pilots.
With a partial pressure suit pressurized, physiological parameters such as the heart rate, peripheral resistance and mean arterial pressure change significantly with the increase in pressure. The peripheral resistance changes linearly with the pressure level of the partial pressure suit. The change in peripheral resistance may be due to the resistance variation in different parts of the model. The variation of peripheral resistance may cause the redistribution of blood flow, and then physiological responses appear. HR and MAP increase along the pressure level, SV and CO decrease with the increase of pressure level.
To describe the effect of a partial pressure suit, a numerical model was established on the basis of the orthostatic stress model by Heldt [18] , which was modified in order to apply it to the pressurized partial pressure suit. The influence on circulatory physiology differed with pressurizing levels, due to changes in some of the model parameters, such as the blood flow resistance. Because of the uncertain mechanics for HR regulation, the HR in the pressurizing process was used as an input for the model. There are still some limitations of this study. Except HR, other parameters of cardiac function were assumed to be constant when suit pressurized. The effect of partial pressure suit on left ventricle time varying elasticity should be studied further. There is a strong correlation between HR and suit pressure.
The model was validated by the experimental data of MAP and SV. The simulation results are consistent with the experimental data. The model was used to estimate the variation of blood flow in different parts of the body. At the beginning of pressurizing, the percent decrement of maximum blood flow in the lower limbs is greater than that in the upper-body arteries and aorta. The percent decrement of maximum blood flow increased along with the increase of the pressurizing level. The difference between the lower limbs' and upper limbs' percent decrement became less and less, and disappeared when the pressurized pressure was larger than 10 kPa. At about the 10 kPa pressurized pressure, the decrease of aorta maximum blood flow became greater than that of the lower limbs. This agrees with the physiological regulation principle. Lower limbs are not as important as the upper part of the body, which includes the brain; thus, the blood distribution in the lower limbs decreased more remarkably to ensure sufficient oxygen supply for the brain. But with the increase in the pressurized pressure, blood in the whole body may change, and the decrease in cardio output may have a more significant effect.
Conclusion
This study investigated the effects of a partial pressure suit in the process of flight protection by means of an experiment and numerical simulation. The non-uniform counter pressure was recorded with the pressurizing process. MAP, TPR, HR, SV and CO were detected to confirm the physiological effect of a pressurized partial pressure suit. Then a numerical model was established to simulate the hemodynamic changes of the partial pressure suit under different pressure. The model was validated by experimental data and could be used to predict the cardio-physiological effect at different pressurizing levels. This study may provide a way to optimize the design of a partial pressure suit.
